1. Introduction {#s0005}
===============

Breast cancer is the second leading cause of cancer-related death among women in the United States ([@bb0295]). An estimated 231,840 patients were diagnosed with breast cancer and 40,450 of them died of metastatic diseases in 2016 alone ([@bb0295], [@bb0080]). Increased screening, improved mammary imaging technologies, and targeted therapies have contributed to significant decreases in morbidity and mortality since the 1970s, and now more than 90-percent of patients with early-stage breast cancer survive longer than five years ([@bb0135], [@bb0085]). Despite great scientific advancements and major clinical breakthroughs, patients diagnosed with invasive and malignant breast cancer still have a poor prognosis ([@bb0225], [@bb0260], [@bb0230]). The average survival for women diagnosed with metastatic disease is less than 2 years, despite aggressive therapies such as surgery, radiation, and chemo-, immuno- and targeted therapies ([@bb0135], [@bb0305], [@bb0375], [@bb0030], [@bb0350]). State-of-the-art treatment modalities, such as *anti*-HER2 therapy, anti-ER therapy, anti-PI3K and anti-mTOR therapy, tumor genome-guided combination therapies, stem cell therapy, and anti-CTLA-4/PD1 immunotherapy, alone or in combination, are not curative in eradicating metastatic breast cancer ([@bb0095], [@bb0180], [@bb0280], [@bb0240], [@bb0275], [@bb0100]). This is because invasive mammary tumors have tremendous inter- and intra-tumor heterogeneity that becomes more pronounced and diversified in metastatic diseases; therefore, effective therapies need to be personalized to shutdown the core tumor-driving pathways that promote resistant tumor clonal expansion in breast cancer.

Neoadjuvant systemic therapies (NST), such as cytotoxic, endocrine, targeted- and/or antibody-based agents, are routinely used to reduce tumor burden and control aggressive tumor growth in locally advanced, high-risk and malignant subtypes ([@bb0170]). An increasing number of breast cancer patients with triple-negative breast cancer (TNBC), HER2-positive, inflammatory, invasive or basal-like breast cancer received NST prior to surgical resection ([@bb0025], [@bb0170], [@bb0325], [@bb0195]). Preoperative NST provides a valuable window of opportunity for in vivo monitoring of tumor responses in real time, allowing evaluation of the antitumor therapeutic efficacy of a given therapy and, thus, offers invaluable prognostic information to predict outcome and survival. Patients who had "complete" responses to NST, with no residual tumor based on pathological analysis of breast tissues, survived longer than patients who had incomplete responses ([@bb0190], [@bb0345], [@bb0075], [@bb0220], [@bb0235]). Therapy-induced tumor shrinkage measured by imaging technology in the clinicopathological settings can be used to distinguish effective versus ineffective NST and identify "complete" responders versus "non-responders" in clinical settings. However, determining therapeutic efficacy and quantifying tumor responses to a given therapeutic modality among "partial" responders---the largest percentage of breast cancer patients---remains a major challenge ([@bb0050], [@bb0105]). Currently, there are no reliable clinical biomarkers that can be used to consistently predict survival and differentiate partial responders whose tumors regressed significantly versus the ones whose resistant tumor clones started emerging after tumor debulking post-NST.

In addition to imaging-guided technology to monitor the therapy efficacy, sensitive and reliable biomarker panels should be developed in the neoadjuvant setting to select, quantify, and optimize first-line therapies to treat locally advanced breast cancer. Breast tumor biomarkers such as ER, PR, and HER2 do not correlate with tumor response nor do they predict patient survival in high-grade, therapy-resistant, invasive and metastatic diseases ([@bb0320], [@bb0130], [@bb0060], [@bb0205], [@bb0165], [@bb9005], [@bb0245]). Importantly, the clinical reality is that there is little to no flexibility in changing standard therapy once it is started. As a result, most patients with malignant tumors, especially those who only "partially" respond to a given therapy, have to endure the toxicities of the full regimens, often waiting months or years for tumor relapse, progressive diseases, and systematic metastasis before knowing whether the prescribed regimens were effective in eradicating their tumors. Patients who receive ineffective first-line therapies or experience therapy-induced resistant tumor clonal expansion will miss an important window if no effective follow-up therapy is added in a timely fashion to remedy the inadequacy. A majority of breast cancer patients fall under this category of "partial responders" and face uncertain futures. There is a pressing need to identify reliable and robust prognostic biomarkers to closely monitor tumor regression in real time, and importantly, to determine whether first-line therapies prescribed are effective against high-risk and invasive mammary tumors.

Although oncogenic K-RAS mutations are rare in mammary tumors (observed in about 5-percent of patients), genomic studies have indicated that the EGFR/HER2/K-RAS "pathway*"* is activated in a large proportion of aggressive and malignant breast cancers ([@bb0025], [@bb0110]). EGFR/HER2/K-RAS activation has been correlated with shortened survival, resistance to therapy, and tumor relapse despite aggressive treatments in breast cancer ([@bb0315], [@bb0365]). As a major tumor-promoting signaling pathway, we investigated whether EGFR/HER2/RAS pathway biomarker expression can be added to evaluate therapy efficacy and predict patient survival in breast cancer. In this study, we report that activation or inactivation of the tumor-promoting RAS pathway biomarkers, SIAH and EGFR, is associated with tumor progression versus regression in mammary tumors post-NST. We find that NST-induced reduction of SIAH and EGFR expression can be used as surrogate prognostic biomarkers to quantify therapeutic efficacy, determine tumor responses, detect emerging resistant clones, and predict survival in invasive breast cancer, regardless of tumor heterogeneity, in the neoadjuvant setting.

2. Materials and Methods {#s0010}
========================

2.1. Ethical Statement {#s0015}
----------------------

With the proper approval by two Institutional Review Boards (IRB) at Eastern Virginia Medical School and Sentara Hospital Systems, this clinical study was conducted in full compliance of HIPAA regulations to protect patient privacy and confidentiality.

2.2. Patient Selection {#s0020}
----------------------

This research project was designed and executed as per REMARK and RECIST criteria for tumor biomarker studies ([@bb0185], [@bb0020], [@bb0090]). This retrospective study was conducted using data from breast tumor tissue collected from all patients diagnosed with invasive and high-risk carcinoma of the breast between August 2007 and December 2010. A cohort of 182 women was identified who received NST treatment, and then surgical resection under the care of Sentara Hospital Systems. Clinicopathological and treatment course data were extracted and de-identified following extensive chart review of patients' electronic medical records in Sentara's EPIC database ([Table 1](#t0005){ref-type="table"}). All patients received standard NST regimens as prescribed by their oncologists following NCI guideline ([Supplemental Table S1](#ec0005){ref-type="supplementary-material"}). Patients typically received a combination of chemotherapies (anthracyclines, alkylating agents, taxanes, and/or metabolic inhibitors), plus hormone and/or *anti*-HER2 therapies in conjunction. Post-NST, all patients underwent surgical resections, performed by 24 local surgical oncologists, to excise their primary tumors (either total mastectomy, radical mastectomy, modified radical mastectomy, segmental mastectomy, or lumpectomy) ([Supplemental Table S1](#ec0005){ref-type="supplementary-material"}).

The date of diagnosis was defined as the date of initial fine-needle aspiration biopsy of the primary breast tumor that led to the initial diagnosis. The only selection criteria were the availability of the matched pre- and post-NST tumor biospecimens. Study endpoints were determined either by the date of patient death, or the last documented follow-up examination at time of chart review. Data on tumor stage at diagnosis (pathological and clinical), treatment courses including neoadjuvant and adjuvant therapies (chemotherapy, hormone therapy, and/or antibody therapy), patient outcome (cancer remission, metastasis, or recurrence), and vital status were obtained per review of patients' records (see [Table 1](#t0005){ref-type="table"} and [Supplemental Table S1](#ec0005){ref-type="supplementary-material"}). Data were collected on tumor histological type, size, pathological grade, hormone receptor (ER and PR) or HER2 expression, lymph node status, and response to NST from pathology reports in EPIC.

2.3. Pathology Samples {#s0025}
----------------------

Following the dual IRB approval at EVMS and Sentara, we collected tumor samples and clinical data from a total of 182 patients with primary operable breast tumors, including 364 paraffin-embedded tumor blocks of invasive carcinoma collected pre- and post-NST from eight Sentara hospitals: Sentara Careplex Hospital (Hampton, VA), Sentara Leigh Hospital (Norfolk, VA), Sentara Norfolk General Hospital (Norfolk, VA), Sentara Obici Hospital (Suffolk, VA), Sentara Port Warwick Hospital (Newport News, VA), Sentara Princess Anne Hospital (Virginia Beach, VA), Sentara Virginia Beach General Hospital (Virginia Beach, VA), and Sentara Williamsburg Regional Medical Center (Williamsburg, VA).

Histology and pathology analyses were performed by two board-certified clinical pathologists, JSW and CFO. Pathology and immunohistochemistry protocols have been optimized to detect the ER, PR, HER2, EGFR, phosphorylated ERK (phospho-ERK), Ki67, and SIAH expression from the matched pairs of tumor blocks pre- and post-NST. All staining and pathological analyses were conducted at the Pathology Sciences Medical Group and Sentara Norfolk General Hospital's Pathology Unit under the supervision of J.S. Winston, M.D., a breast disease expert and clinical pathologist who identified representative tumor paraffin blocks, coordinated and guided the pathological study, controlled the quality of the IHC staining, and scored the slides independently along with C.F. O'Connor in a double blind fashion. The diagnostic tumor needle biopsy pre-NST and surgically resected tumor tissues post-NST were selected for serial immunohistochemistry (IHC) staining and clinicopathological studies.

2.4. Immunohistochemistry {#s0030}
-------------------------

Four-micrometer tissue sections were cut from tumor paraffin blocks and slides were stained using Ventana Benchmark Ultra, according to the manufacturer's protocol. The IHC experiments were carried out using monoclonal *anti*-EGFR (Ventana clone 5B7, pre-diluted, Ventana Medical Systems Cat\# 790-4347, Roche, USA, RRID:AB_2617183), monoclonal anti-phospho-ERK (1:750 dilution, Cell Signaling, Danvers, MA, RRID:AB_331646), monoclonal anti-SIAH 24E6H3 (1:40 dilution, Novus, CA, RRID:AB_1217916), monoclonal anti-Ki67 (1:100 dilution, Dako, Denmark, RRID:AB_2142367), monoclonal anti-ER (Ventana clone SP1, pre-diluted, Roche, USA, RRID:AB_2335977), monoclonal anti-PR (Ventana clone 1E2, pre-diluted, Roche, USA, RRID:AB_2335976), and monoclonal anti-HER2 (Ventana clone 4B5, pre-diluted, Roche, USA, RRID:AB_2335975) antibodies. The IHC was performed on a BenchMark ULTRA fully automated IHC/ISH staining instrument (Ventana Medical Systems, Inc., Tucson, AZ).

2.5. Tumor Block Review and the Immunohistochemical Quantification {#s0035}
------------------------------------------------------------------

Original hematoxylin and eosin (H&E) and immunohistochemistry (IHC) slides used for clinical diagnosis collected pre- and post-NST for each patient (1-3 slides per patient) were independently reviewed and scored in a double blind manner by JSW and CFO. Slides stained for ER, PR, Ki67, or SIAH, were scored using the percentage of positive IHC staining within the tumor. Slides with a score discrepancy of greater than 10-percent were then dually re-evaluated by two pathologists together to reach a final consensus score. Slides stained for HER2 or EGFR were scored as 0 (no membrane staining), 1 + (partial membrane staining), 2 + (complete membrane staining in less than 30% of the tumor cells), or 3 + (complete membrane staining in more than 30% of the tumor cells). Slides stained for phospho-ERK were scored as the percentage of tumor cells with cytoplasmic staining. All histology images presented were captured at 400-fold magnification using a Leica compound microscope and Leica DC500 digital camera.

2.6. Statistical Analyses {#s0040}
-------------------------

Overall survival times ranged from 230 days (0.6 years) to 2438 days (6.7 years), with a median survival of 1610 days (4.4 years). For patients initially diagnosed without distant metastasis, time of distant recurrence-free survival was calculated either as the number of days from the date of initial diagnosis until the date of first documented metastasis per imaging studies, or censored at the date of last documented follow-up evaluation listed in the EPIC database (as of August 31, 2014).

To describe the data, medians and interquartile ranges (IQR) were used for continuous variables while frequencies and percentages were used for categorical variables. Spearman's correlation coefficients were calculated to evaluate correlations among clinicopathological and molecular biomarker variables ([Table 2](#t0010){ref-type="table"}). The Kaplan-Meier method was used for all survival curve analyses. In univariate analysis, the log-rank test was used to calculate the difference in survival for categorical variables. The Cox proportional hazards model was used for continuous variables; this model was also used for multivariate survival analyses of the association of survival with patient age, tumor size, molecular subtypes, stage, presence of lymph node metastasis, and the level of ER, PR, HER2, phospho-ERK, Ki67, SIAH, or EGFR ([Table 3](#t0015){ref-type="table"}). The proportional hazards model assumptions were verified using the log-transformation plot; goodness-of-fit of the models were checked by martingale and deviance residual plots. The time-dependent receiver operating characteristic (survival ROC) was applied to display and compare the sensitivity and specificity of the predictive models based on the multivariate survival analysis ([@bb0150]). The survival ROC curves were used to accommodate the time-dependent nature and censoring in the survival data. All *P-*values calculated were two-sided. A *P-*value of less than 0.05 was considered statistically significant. Statistical plots were generated using R software Version 3.2.1 ([@bb0255]).

3. Results {#s0045}
==========

3.1. Increased Expression of SIAH and EGFR, Two RAS Pathway Biomarkers, are Correlated With Advanced Tumor Grade and Aggressive Molecular Subtypes {#s0050}
--------------------------------------------------------------------------------------------------------------------------------------------------

It is challenging to predict accurately which individual breast cancer patients will benefit from standard therapies and which ones will not, based on the existing biomarker panels and advanced imaging technology. Consistent with the published literature, the increased pathological stage and aggressive molecular subtypes were correlated with poor clinical outcome and reduced patient survival ([Fig. 1](#f0005){ref-type="fig"}A and B), while increased tumor grades were not associated with survival at 7-years ([Fig. 1](#f0005){ref-type="fig"}C). To demonstrate the prognostic values of the tumor-driving RAS pathway biomarkers in high-risk breast cancer patients, we compared altered expression levels of 4 biomarkers in the RAS pathway in the paired tumor biospecimens collected in pre- and post-NST ([Fig. 1](#f0005){ref-type="fig"}D). That includes two upstream receptors (HER2 and EGFR), a mid-stream kinase (phospho-ERK) and the most downstream E3 ligase (SIAH) in paired tumor biospecimens collected from 182 breast cancer patients who received NST at Sentara Hospitals. The 4 mammary tumor biomarkers, HER2, ER, PR and Ki67, were utilized as internal controls for this study. Among all the 182 treatment-naive needle biopsy tumor biospecimens, SIAH expression was detected in 97.8% of all the SIAH IHC slides -- 52.2% of them displayed a high SIAH expression level that marked more than 30% of tumor cells, whereas 45.6% of them displayed a low SIAH expression that marked equal or less than 30% of tumor cells; Similarly, EGFR expression was detected in 26.4% of all the EGFR IHC slides, with an EGFR score that was higher than 1; and phospho-ERK expression was detected in 75.8% of the phospho-ERK IHC slides ([Table 1](#t0005){ref-type="table"}). As controls, HER2 was detected in 20.9% of treatment-naïve tumor biospecimens, ER in 57.7% and PR in 51.6% ([Table 1](#t0005){ref-type="table"}). SIAH expression was associated with active tumor cell proliferation, and it was robust, tumor-specific, and therapy-responsive ([Fig. 1](#f0005){ref-type="fig"} and [Supplemental Fig. S1](#f0040){ref-type="graphic"}). Mean levels of SIAH, EGFR, and Ki67 increased with tumor grade and aggressive molecular subtypes at treatment-naïve tumors ([Fig. 1](#f0005){ref-type="fig"}E and G). Increased tumor grade and aggressive molecular subtype exhibited a much higher level of endogenous SIAH or EGFR expression pre- and post-NST in breast cancer ([Fig. 1](#f0005){ref-type="fig"}F and H).

3.2. A marked Reduction of SIAH and EGFR Expression Post-NST is Correlated With Tumor Regression, as Reflected in the NST Efficacy and Increased Patient Survival {#s0055}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

We hypothesized that effective NST, which has been shown to slow tumor growth and reduce tumor volume, would inactivate or decrease the RAS pathway signal that drives mammary tumor progression and metastasis. Ineffective therapy would therefore neither impede the active RAS pathway signal nor inhibit tumor growth. Importantly, therapy-resistant tumor clones can be easily identified by SIAH-positive staining in the surgically resected tumors post-NST. Thus, loss of and/or decrease in SIAH expression, which reflects the inactivation of this tumor-promoting RAS pathway, may serve as a reliable indicator of an effective NST modality. In contrast, persistent SIAH expression, reflecting RAS pathway activation, may serve as a reliable predictor of an ineffective NST modality and a sensitive readout of emerging resistant clones in invasive breast cancer.

Compared to the mean expression levels of SIAH, EGFR, and Ki67 in treatment-naïve tumors ([Fig. 1](#f0005){ref-type="fig"}E and G), SIAH, EGFR, and Ki67 expression decreased significantly in a majority of resected tumors post-NST, suggesting that current standard NST is effective in suppressing mammary tumor growth ([Fig. 1](#f0005){ref-type="fig"}F and H). The pattern of the mean level of SIAH, EGFR and Ki67 expression remained similar and statistically significant pre- and post-NST, correlated with grades, stages and molecular subtypes ([Fig. 1](#f0005){ref-type="fig"}E--H). In contrast, mean levels of phospho-ERK expression decreased with increased tumor grades ([Fig. 1](#f0005){ref-type="fig"}E). The NST-induced loss of SIAH expression could be used to identify super-responders and partial responders with good outcome and best survival ([Fig. 1](#f0005){ref-type="fig"}I and [Supplemental Fig. S1](#f0040){ref-type="graphic"}A, S1C and S1E), whereas the persistent high SIAH expression post NST seemed to identify non-responders and partial responders with poor outcome and reduced survival ([Fig. 1](#f0005){ref-type="fig"}J and [Supplemental Fig. S1](#f0040){ref-type="graphic"}B, S1D and S1F).

3.3. The Prognostic Value of SIAH and EGFR Expression in Breast Cancer Pre- and Post-NST {#s0060}
----------------------------------------------------------------------------------------

To determine whether the therapy-induced reduction in SIAH, EGFR and Ki67 pre- and post-NST have added prognostic values in breast cancer, we conducted statistical analyses to examine the clinical outcome of the breast cancer patients whose tumors retained high SIAH/EGFR/Ki67 expression post-NST, versus that of the patients whose tumors lost SIAH/EGFR/Ki67 expression completely or partially post-NST when compared to their treatment-naïve tumors. We segregated treatment-naïve tumors (182 of them) into two roughly equal groups: "high" SIAH expression (\> 30% positive tumor cells) and "low" SIAH expression (≤ 30% positive tumor cells). At the time of diagnosis prior to NST, about 50% patients had tumors with high SIAH expression and another 50% patients had low SIAH expression ([Table 1](#t0005){ref-type="table"}). The same criteria of high (\> 30%) or low (≤ 30%) SIAH expression was applied to the surgically resected tumors post-NST. Following clinical classification, high EGFR expression is defined as \> 1^+^ (score of 2^+^ or 3^+^); while negative or low EGFR expression is defined as ≤ 1^+^ (score of 1^+^ or 0) in tumor cells. About 50% patients had tumors with high Ki67 expression (\> 10% positive tumor cells) and another 50% patients had low Ki67 expression (≤ 10% positive tumor cells) pre-NST. The same criteria of high (\> 10%) or low (≤ 10%) Ki67 biomarker expression was applied to the surgically resected mammary tumors post-NST ([Table 1](#t0005){ref-type="table"}).

By performing the univariate analysis over a 7-year period, we found that ER, PR, SIAH, and EGFR expression was statistically associated with survival (log-rank *P* \< 0.05) ([Fig. 2](#f0010){ref-type="fig"}). The ER and PR positivity in luminal breast tumors was a biomarker of extended survival ([Fig. 2](#f0010){ref-type="fig"}A and B). In contrast, the level of HER2, phospho-ERK or Ki67 expression was not associated with tumor response or patient survival ([Fig. 2](#f0010){ref-type="fig"}C and data not shown). Activation of the EGFR/SIAH pathway is indicative of tumor progression, while its inactivation is indicative of mammary tumor regression post-NST. Hence, low levels of SIAH and/or EGFR expression post-NST correlated with tumor regression and increased survival, whereas high levels of SIAH and/or EGFR expression in tumor biospecimens pre- and post-NST were associated with progressive diseases, therapy-induced resistance, metastasis to sentinel lymph node and beyond, and decreased survival ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}). Univariate analysis showed that the endogenous SIAH/EGFR expression in mammary tumors pre- and post-NST, and therapy-induced reduction in SIAH or EGFR expression post-NST, were prognostic of patient survival ([Fig. 2](#f0010){ref-type="fig"}D--I).

3.4. The Prognostic Value of SIAH and EGFR in Metastatic Breast Cancer {#s0065}
----------------------------------------------------------------------

Univariate analyses showed an added prognostic value of SIAH and EGFR, to predict tumor response, therapy efficacy and patient survival in breast cancer ([Fig. 2](#f0010){ref-type="fig"}). Clinically, the detection of sentinel lymph node (LN) metastases at diagnosis is clearly associated with a reduced survival in breast cancer ([@bb0225], [@bb9000], [@bb0350], [@bb0210], [@bb0120], [@bb0265]). Cancer-related deaths occurred only in patients whose tumors had spread to the sentinel lymph nodes (LN) and beyond. Increased SIAH, EGFR and Ki67 expression were detected in metastatic breast cancer, including malignant tumors that had invaded sentinel LN, and/or metastasized to distant organs, as compared to mammary tumors with no detectable LN metastases ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, and [Table 1](#t0005){ref-type="table"}). Here, our survival analyses were further stratified by LN status. All patients without LN metastases survived for the 7-year duration of this study, and thus their 5--7 years survivals are independent of tumor grades, pathological stages, molecular subtypes, and biomarker expression ([Fig. 4](#f0020){ref-type="fig"}). Importantly, we found that SIAH and EGFR have additional prognostic values to predict patient survival in metastatic breast cancer ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}).

Among patients with LN metastases, the therapy-induced reduction in SIAH expression seemed to correlate with increased survival; i.e., the patients with low SIAH expression in both pre- and post-NST settings have the best prognosis and the greatest survival benefit despite their invasion phenotypes, whereas patients with high SIAH expression in both pre- and post-NST settings have the worst prognosis, suggesting that either ineffective therapy was administered or therapy-induced resistant tumor clones were emerging ([Figs. 3](#f0015){ref-type="fig"}A, C--F, [4](#f0020){ref-type="fig"}A, B and C). The patients with high SIAH expression at diagnosis and low SIAH expression post-NST have intermediate survival, suggesting that an effective NST modality was administered to inhibit tumorigenesis ([Figs. 3](#f0015){ref-type="fig"}A, [4](#f0020){ref-type="fig"}A, B and C). Among patients with LN metastases, the therapy-induced reduction in EGFR expression is statistically significant to correlate with increased survival ([Figs. 3](#f0015){ref-type="fig"}B, C--F, [4](#f0020){ref-type="fig"}D, E and F). Patients with low EGFR expression in both pre- and post-NST settings have the best prognosis despite their invasive phenotypes and LN positivity, whereas patients with high EGFR expression in both pre- and post-NST settings have the worst prognosis, and patients with high EGFR expression at diagnosis and low EGFR expression post-NST have intermediate survival ([Figs. 3](#f0015){ref-type="fig"}B, [4](#f0020){ref-type="fig"}D, E and F). In the cases of persistent high EGFR expression post-NST, additional *anti*-EGFR therapy should be added to control these therapy-refractory and EGFR-positive mammary tumors that have metastasized.

3.5. Multivariate Survival Analysis {#s0070}
-----------------------------------

To demonstrate the clinical prognostic values of SIAH and EGFR in breast cancer, we performed multivariate analyses of 7 molecular biomarkers (SIAH, EGFR, phospho-ERK, ER, PR, HER2 and Ki67) and compared them to 4 clinicopathological predictors (pathological stages, molecular subtypes, tumor size and LN positivity). ER, PR, HER2 and Ki67 were used as biomarker controls. Variables that were significantly associated (*P* \< 0.05) with patient survival included molecular subtype, histology, tumor size, Ki67 expression at diagnosis, SIAH expression post-NST, and a NST-induced reduction in EGFR and Ki67 expression in patients with metastatic diseases ([Fig. 3](#f0015){ref-type="fig"}, [Table 2](#t0010){ref-type="table"} and [Table 3](#t0015){ref-type="table"}). Older age pre-NST and high SIAH expression in tumors post-NST were significantly associated with reduced survival ([Table 3](#t0015){ref-type="table"}). Survival curves, stratified by LN status, showed that a significantly smaller proportion of patients whose invasive tumors had high levels of SIAH and EGFR pre- and post-NST survived for 7 years post-NST, compared to patients whose invasive tumors had low levels of SIAH and EGFR expression pre- and post-NST ([Fig. 4](#f0020){ref-type="fig"} and [Table 3](#t0015){ref-type="table"}).

Multivariate time-dependent survival receiver operating characteristic (survival ROC) and area under the curve (AUC) plots were generated to determine the ability of various combinations of 7 molecular biomarkers and 4 clinicopathological predictors to predict patient survival ([Fig. 5](#f0025){ref-type="fig"}). Of all biomarker combinations analyzed, SIAH, EGFR and SIAH/EGFR combination had the highest AUC and ROC values in predicting patient survival ([Fig. 5](#f0025){ref-type="fig"}A, B and C, and [Fig. 5](#f0025){ref-type="fig"}G, H and I). Notably, these two RAS pathway biomarkers alone have demonstrated an impressive prognostic power that is comparable to that of the clinical gold standards, i.e., LN metastases and/or 4 clinical predictors in combination ([Fig. 5](#f0025){ref-type="fig"}D, E, and F, and [Fig. 5](#f0025){ref-type="fig"}J, K and L). The prognostic values of SIAH and EGFR are far superior to that of Ki67, and/or ER, PR, and HER2 --- the universally used biomarker standards in breast cancer clinics ([Fig. 5](#f0025){ref-type="fig"}A, B and C, and [Fig. 5](#f0025){ref-type="fig"}J, K and L). The ROC and AUC analyses demonstrated that clinicopathological predictors are still a reliable predictor of patient survival at 5--7 years, and we discovered that SIAH and EGFR are highly prognostic in breast cancer ([Fig. 5](#f0025){ref-type="fig"}). It is important to note that the prognostic values of SIAH and EGFR are comparable to the best clinical prognostic tools available in metastatic breast cancer ([Fig. 5](#f0025){ref-type="fig"}).

4. Discussion {#s0075}
=============

The confounding clinical reality is that cancer patients with similar clinical diagnoses often exhibit diverse tumor responses and varied survival following standard-of-care therapies, emphasizing the clinical need and intellectual challenges of personalized medicine in breast cancer ([@bb0320], [@bb0140], [@bb0380], [@bb0340]). There is a pressing need to develop and incorporate reliable prognostic tools that can determine which invasive mammary tumors are most likely to benefit from the prescribed neoadjuvant and adjuvant modalities, given intrinsic tumor heterogeneity and the emergence of resistant clones post systemic therapy ([@bb0375], [@bb0170], [@bb0160], [@bb0065], [@bb0155], [@bb0145]). Molecular assessment tools can be combined with clinicopathological predictors to identify unique tumor vulnerability, optimize therapies, forecast tumor response, estimate risk of recurrence and predict survival, include Oncotype DX and MammaPrint ([@bb0140], [@bb0300], [@bb0015]). Despite great promises, these multigene prognostic tools require clinical refinements to increase prognostic accuracy ([@bb0140], [@bb0200], [@bb0125]). Therapy-responsive and growth-dependent biomarkers are needed to identify which patients' tumors are responding to the given therapies, independent of mammary tumor heterogeneity, so that effective therapy can be tailored and enhanced in response to the emergence of resistant tumor clones in real time. Hence, new techniques are needed to select the most effective first-line therapies for breast cancer patients with metastatic diseases to extend their survival ([@bb0355], [@bb0370], [@bb0115]).

The administration of NST has become a standard therapy for breast cancer patients with invasive, inflammatory and high-risk disease ([@bb0305], [@bb0375], [@bb0170], [@bb0320]). NST reduces tumor burden before surgical resection, and it provides a valuable opportunity to assess therapy efficacy using pre-operative and post-operative tumor biospecimens ([@bb0135]). Patients have achieved complete tumor remission based on clinicopathological analysis post-NST, have increased disease-free survival ([@bb0325], [@bb0190], [@bb0290]). Identifying patients as "super-responders", "partial responders" and "non-responders" using an improved panel of logical, integrated and robust molecular biomarkers could help oncologists identify effective first-line therapies for patients with high-risk and malignant breast cancer. Therapies for invasive and high-risk breast cancer (luminal, basal-like, HER2-positive and TNBC) are often selected based on tumor ER, PR and HER2 status as well as clinicopathological predictors such as age, tumor size, stage, lymph node status, local invasion and systemic metastasis ([@bb0030], [@bb0040], [@bb0270], [@bb0330]). However, ER, PR, and HER2 expression in high-grade, therapy-resistant, invasive and metastatic mammary tumors does not correlate with progression-free or overall survival, nor predict tumor response to NST ([@bb0320], [@bb0130], [@bb0060], [@bb0205], [@bb9005], [@bb0245]).

As a major tumor-promoting pathway, RAS pathway activation/inactivation is ideally positioned to serve as a therapy-responsive, tumor heterogeneity-independent, and growth-dependent prognostic biomarker in breast cancer. Here, we conducted a retrospective study to determine whether the RAS pathway biomarkers can be added to evaluate tumor response and therapy efficacy, forecast patient survival, and predict which patients with invasive breast cancer are likely to benefit from standard NST regimens, or which patients will benefit from additional regimens after ineffective first-line therapies are identified. SIAH function is required for proper HER2/EGFR/K-RAS signal transduction, cancer cell proliferation and survival ([@bb0285], [@bb0010], [@bb0250], [@bb0310], [@bb0005]). SIAH is expressed in proliferating tumor cells. We have previously associated increased SIAH expression with the progression of ductal carcinoma in situ (DCIS) to invasive carcinoma ([@bb0035]). We showed that combining five molecular biomarkers (EGFR, SIAH, phospho-ERK, Ki67 and HIF1α) in the oncogenic K-RAS/Ki67/HIF1α pathways, with four clinicopathological predictors can be used to predict patient survival post surgery in human pancreatic cancer ([@bb0250]). Other groups have shown that SIAH expressed in breast cancer ([@bb0365], [@bb0215], [@bb0045], [@bb0070], [@bb0055]). Importantly, we were the first group to demonstrate the efficacy of an *anti*-SIAH-based anti-K-RAS and anticancer strategy to shutdown the "undruggable" oncogenic K-RAS activation and successfully block oncogenic K-RAS-driven tumorigenesis in several animal models of human cancer ([@bb0285], [@bb0010], [@bb0335], [@bb0360]).

SIAH expression reflects RAS pathway activation, cell proliferation, and tumor growth ([@bb0285], [@bb0010], [@bb0310]). As a therapy-responsive and tumor heterogeneity-independent RAS pathway biomarker, SIAH is uniquely positioned to identify super-responders, partial-responders, and non-responders in the neoadjuvant setting to allow real-time monitoring, augmentation and quantification of therapy efficacy, to improve clinical outcome and patient survival ([Fig. 6](#f0030){ref-type="fig"}, a schematic illustration). We found that SIAH is a robust, tumor-specific and therapy-responsive tumor biomarker that can be used to identify which patients are most likely to benefit from a given NST regimen as a first-line therapy, and which patients should receive additional augmented and combinational therapies in the case of ineffective NST ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}). Independent of therapy-induced tumor debulking, SIAH expression post-NST appears to have important prognostic value to detect the emergence of resistant tumor clones, differentiate among partial responders, forecast tumor relapse or remission, and predict survival in malignant breast cancer ([Fig. 6](#f0030){ref-type="fig"}).

Despite showing promising prognostic potential, there are several limitations to consider when interpreting our results. It is retrospective in design and included a limited number of 182 breast cancer patients. Up to 7 years post initial diagnosis, survival was shortest among patients whose tumors spread to the lymph nodes and beyond, whereas patients with node-negative mammary tumors all survived for 7-years ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}). A longer study (10--15 years) will be followed up to determine the prognostic power of SIAH and EGFR in noninvasive mammary tumors. Although the survival curves indicate that reduced levels of SIAH and EGFR post-NST are good prognostic biomarkers that predict effective treatment, and tumor remission ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}), the ultimate clinical incorporation of SIAH and EGFR in metastatic breast cancer will require large-scale and independent validations at multiple NCI-designated comprehensive cancer centers.

Our study identified that roughly 20% of locally advanced and metastatic mammary tumors have upregulated EGFR, and that EGFR expression levels decrease post-NST ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, and [Table 1](#t0005){ref-type="table"}). EGFR expression is associated with aggressive molecular subtypes such as TNBC subtype independent of LN status, and HER2^+^ subtype with LN metastases. Post NST treatment, EGFR expression persisted in TNBC subtype independent of LN status, suggesting that anti-EGFR therapy is likely to offer additional therapeutic benefits to the patients with therapy-refractory and EGFR-positive TNBC tumors ([Fig. 3](#f0015){ref-type="fig"}B). Our findings may be important because they indicate that FDA-approved anti-EGFR therapeutics should be added to treat TNBC patients whose tumors are therapy-refractory and EGFR-positive. By comparing the percentage reduction in SIAH or EGFR expression pre- and post-NST, we will be able to identify and quantify super-, partial- and non-responders among breast cancer patients who received standard therapies. Successful validation of the prognosis of these RAS pathway biomarkers among "partial responders" with invasive breast cancer may have clear clinical impact ([Fig. 6](#f0030){ref-type="fig"}). As a control, Ki67 has showed limited or contradictory prognostic values ([@bb0175]). SIAH seems to be a better, more sensitive and therapy-responsive biomarker than Ki67 in breast cancer ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}, and [Supplemental Fig. S1](#f0040){ref-type="graphic"}). The prognostic value of SIAH and EGFR expression in locally advanced and metastatic breast cancer is superior and/or comparable to LN status and established clinicopathological predictors (AUC and ROC curves, [Fig. 5](#f0025){ref-type="fig"}). This SIAH/EGFR-centered biomarker panel may be used to determine tumor response to NST, tailor and optimize NST, and improve patient survival in the future. Importantly, our results show that therapy-induced reduction in SIAH and/or EGFR expression reflects RAS pathway activation/inactivation, and outperforms ER, PR, HER2 and Ki67 as a promising and prognostic biomarker in invasive and metastatic breast cancer. SIAH is expressed in 97.8% treatment-naïve breast cancer whereas EGFR is expressed in 20% of untreated population. Thus, the prognostic value of SIAH outperforms EGFR in malignant breast cancer ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}). Conceptually, SIAH and EGFR offers an accurate readout of therapeutic efficacy independent of tumor heterogeneity, thus providing a valuable window of opportunity to quantify tumor responses, to reduce drug toxicity and to improve therapy efficacy against invasive breast cancer in real time. A prospective study will be performed to validate the prognostic value and therapy-responsiveness of SIAH and EGFR, to forecast and monitor therapy-induced tumor regression, estimate NST efficacy, differentiate the "partial responders" and identify therapy-induced resistant clonal expansion, and to ultimately improve patient survival in the future.

The following are the supplementary data related to this article.Supplementary Fig. S1Low or high SIAH and/or EGFR expression post-NST is associated with increased or reduced patient survival in breast cancer at 5 yearsRepresentative results from immunohistochemical analyses of patients who were alive at 5-year post-NST (A, C, and E), or who were dead at 5-year post-NST (B, D, and F). Patients with luminal-type breast tumors (A and B), HER2-positive breast tumors (C and D), or triple negative breast cancer (E and F). (A, C and E) Loss of SIAH expression post NST correlates with increased patient survival. Persistent high SIAH or high EGFR expression post-NST is associated with decreased patient survival. For all mammary tumor subtypes, patients who survived for longer than 5 years had low or markedly reduced level of SIAH expression post-NST, than patients who succumbed in less than 5 years.Supplementary Fig. S1Supplemental Table S1Neoadjuvant systemic therapies (NST) used to treat breast cancer patients at Sentara Hospitals.Supplemental Table S1
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![Two RAS pathway biomarkers, SIAH and EGFR, whose expression in breast cancer correlated with increased tumor grades and aggressive molecular subtypes pre- and post-NST.\
(A) Pathological stages are statistically associated with patient survival with *P* value of 2.27 × 10^− 8^. (B) Molecular subtypes are statistically associated with patient survival with *P* value of 0.016. (C) Tumor grade are not associated with patient survival. (D) A schematic illustration of the EGFR/HER2/RAS signaling pathway is shown. The expression of the two upstream receptors, EGFR/HER2, the midstream kinases, phospho-ERK, and the most downstream signaling gatekeeper, SIAH E3 ligase, were examined. (E--F) Levels of SIAH, EGFR, and Ki67 expression in breast cancer increased with tumor grades, pre- and post-NST. NST significantly reduced levels of EGFR, SIAH, phospho-ERK, and Ki67. (G--H) Levels of SIAH, EGFR, and Ki67 expression increased in aggressive molecular subtypes of mammary tumors, pre- and post-NST. Levels of phospho-ERK expression were not correlated with molecular subtypes. NST significantly reduced levels of EGFR, SIAH, phospho-ERK, and Ki67, in a majority of resected primary mammary tumors. (I--J) Radiographic (MRI) images of human breasts and breast cancer pre- and post-NST were shown. Treatment-naïve tumor cells in high-grade and high-risk mammary tumors expressed high SIAH. (I) Fewer tumor cells expressed high SIAH post-NST. Based on diminished SIAH expression, we categorized patients as super-responders, whose tumor regressed completely post-NST. Three patients had dramatic reductions in SIAH expression (marked by blue arrows); more than 95% of tumor cells expressed SIAH pre-NST, compared with less than 1% tumor cells expressed SIAH post-NST. These patients had no evidence of tumor recurrence 7 years post-NST. (J) Three patients whose tumors had a high SIAH expression post-NST (marked by red arrows) were categorized as non-responders, whose tumors regress less than 20-30% post-NST, and who had shortened survival time due to progressive diseases and LN metastases.](gr1){#f0005}

![Kaplan-Meier survival curves of SIAH and EGFR expression in univariate analyses.\
(A) Tumor expression of ER is associated with increased patient survival with *P* value of 0.007. (B) Tumor expression of PR is associated with increased patient survival with *P* value of 0.024. (C) Tumor expression of HER2 is not associated with patient survival. (D) Tumor expression of high SIAH expression (\> 30% of tumor cells expressing SIAH) pre-NST is associated with decreased patient survival with *P* value of 0.046. (E) Tumor expression of high SIAH level (\< 30% of tumor cells expressing SIAH) post-NST is associated with decreased patient survival with *P* value of 0.002. (F) Therapy-induced reduction in SIAH expression post-NST is associated with increased patient survival with *P* value of 0.001. (G) Tumor expression of high EGFR level (\> 1) pre-NST is associated with decreased patient survival with *P* value of 0.001. (H) Tumor expression of high EGFR level (\> 1) post-NST is associated with decreased patient survival with *P* value of 0.005. (I) Therapy-induced reduction in EGFR expression post-NST is associated with increased survival time with *P* value of 0.001.](gr2){#f0010}

![SIAH and EGFR expression in node-negative and node-positive breast cancer pre- and post-NST.\
(A--B) The box-and-whisker plots were used to graphically illustrate the population distribution of SIAH (A) and EGFR (B) expression levels in both node-positive (as marked by purple color bar graphs) and node-negative (as marked by teal color bar graphs) mammary tumors. The SIAH/EGFR expression patterns in the 4 molecular subtypes, Luminal A (Lum A) or Luminal B (Lum B), HER2^+^ and TNBC, were shown pre- and post-NST treatment. The error bars or whiskers in the histogram and bar charts represent the 95% CI, and in the box plots, they represent the upper (top) and lower quartiles (bottom) data distribution -- with points beyond representing outliers. (C--F). Serial micro-sections were cut from each tumor paraffin blocks and the tissue slides were stained with H&E, SIAH, EGFR or Ki67 monoclonal antibody. Representative images of SIAH, EGFR, Ki67 staining in node-negative super-responders (C), node-positive super-responders (D), and node-negative non-responders (E) and node-positive non-responders (F), were shown. SIAH marked proliferating tumor cells, independent of nodal status in breast cancer. Note the lack of SIAH expression in super-responders post-NST correlated with good outcome, whereas persisted SIAH expression post-NST in non-responders correlated with poor survival.](gr3){#f0015}

![Among patients with LN metastases, decreased SIAH expression post-NST and therapy-induced reduction in EGFR expression, are correlated with improved patient survival.\
Kaplan-Meier analysis was used to generate survival curves to compare survival time among patients with and without LN metastases, whose tumors have high versus low SIAH/EGFR expression pre- and post-NST. Death occurred only in patients with LN metastases: all patients without sentinel LN metastases survived for 7-years, independent of biomarker expression. (A) SIAH expression in treatment-naïve tumors did not correlate with survival. (B) SIAH expression post-NST statistically correlated with survival. (C) Therapy-induced changes in SIAH expression did not correlate with survival. (D) EGFR expression in treatment-naïve tumors did not correlate with survival. (E) EGFR expression post-NST did not correlate with survival. (F) Therapy-induced changes in EGFR statistically correlated with patient survival. Numbers of patients at risk are listed under each K-M curve.](gr4){#f0020}

![Multivariate analyses of six biomarkers, LN metastases, and four clinicopathological predictors in predicting patient survival in breast cancer.\
(A--C) Area under curve (AUC) plots for the first 5-years based on SIAH, EGFR, Ki67 and/or ER/PR/HER2 expression, alone or in combination, are shown, pre-NST (A), post-NST (B), and NST-induced reduction of these six biomarkers (C). The AUC plots include ER, PR and HER2 in combination (red line), Ki67 (neon green line), EGFR (orange line), SIAH (light teal line), SIAH and EGFR (blue line), SIAH, EGFR and Ki67 in combination (black line). The data showed that SIAH and EGFR, alone or in combination, outperform ER, PR, HER2 and/or Ki67 in predicting patient survival. (D--F) AUC plots for the first 5-years based on SIAH and EGFR, ER/PR/HER2 expression, LN metastases and/or four clinicopathological predictors, alone or in combination, in pre-NST (D), post-NST (E), and NST-induced reduction of these six biomarkers and four clinicopathological predictors (F). The AUC plots include ER, PR and HER2 in combination (red line), 4 clinicopathological predictors (neon green line), LN metastases (blue line), SIAH and EGFR in combination (black line). The data showed that the prognostic values of SIAH and EGFR, alone or in combination, are comparable to the four clinicopathological predictors, in predicting survival. (G--I) The time-dependent survival ROC curves for the first 5 years based on SIAH, EGFR, Ki67 and/or ER/PR/HER2 expression, alone or in combination, are shown, in pre-NST (G), post-NST (H), and NST-induced reduction of these six biomarkers (I) in predicting survival. The survival ROC curves include ER, PR and HER2 in combination (red line), Ki67 (neon green line), EGFR (orange line), SIAH (light teal line), SIAH and EGFR (blue line), SIAH, EGFR and Ki67 in combination (black line). SIAH and EGFR, two RAS pathway biomarkers alone or in combination, outperform ER, PR, HER2 and Ki67 in predicting patient survival. (J--L) Time-dependent survival ROC curves for the first 5-years based on SIAH and EGFR, and/or ER/PR/HER2 in combination with LN metastases, and the four clinicopathological predictors, alone or in combination, are shown, in pre-NST (J), post-NST settings (K), and NST-induced reduction of these six biomarkers (L). The survival ROC curves include ER, PR and HER2 in combination (red line), SIAH and EGFR in combination (black line), LN metastases (blue line), and 4 clinical predictors together (neon green line). The data showed that the prognostic values of SIAH and EGFR, alone or in combination, are comparable to the four clinicopathological predictors, in predicting survival in breast cancer.](gr5){#f0025}

![A schematic illustration of adding two RAS pathway biomarkers, SIAH and EGFR, to evaluate therapy efficacy, tumor response, and predict patient survival in breast cancer.\
SIAH and/or EGFR expression can be used to monitor tumor responses and identify resistant tumor clones post-NST and stratify patients. SIAH and EGFR outperform ER, PR, HER2 and Ki67 as two robust, sensitive and prognostic biomarkers to predict survival in breast cancer patients with lymph node metastases. The prognostic power of SIAH and EGFR, alone or in combination, is comparable to the clinical gold standards of clinical predictors (LN positivity, mammary tumor size, grade, stage and molecular subtypes in combination), and imaging-guided technology. A marked reduction in SIAH/EGFR expression post-NST would indicate effective therapy and increased survival, while persistent high SIAH/EGFR expression post-NST would indicate ineffective therapy and decreased survival. We found that the reduction of SIAH and/or the changes in EGFR expression post-NST are prognostic in predicting patient survival, especially among partial responders. The therapy-induced changes in SIAH and EGFR expression are highly prognostic in identifying effective/ineffective therapies, differentiating partial responders, identifying resistant tumor clones and predicting remission/relapse in breast cancer patients with lymph node (LN) metastases in neoadjuvant settings. The identification of therapy-responsive and prognostic biomarkers is of paramount importance to stratify patients and guide therapies in clinical oncology and personalized medicine. By developing the two RAS pathway-centered prognostic biomarkers, we hope to identify, personalize, and synergize effective therapies, improve survival for breast cancer patients with metastatic diseases in the future.](gr6){#f0030}

###### 

Descriptive statistics of clinicopathological variables and molecular biomarker expression in this breast cancer patient cohort.

Table 1

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variables                                                   Level                     Median or Frequency   IQR or %   p-Value[1](#tf0005){ref-type="table-fn"}
  ----------------------------------------------------------- ------------------------- --------------------- ---------- ------------------------------------------
  A. Patient demographics                                                                                                

  Age (year) at diagnosis                                                               54.0 (27--88)         17.8       0.00584

  Body mass index (kg/m^2^) at diagnosis                                                29.4 (16.8--60.6)     9.0        0.608

  Stage at diagnosis                                                                                                     2.27 × 10^− 8^

  Stage I                                                     22                        12.1%                            

  Stage II                                                    101                       55.5%                            

  Stage III                                                   46                        25.3%                            

  Stage IV                                                    13                        7.1%                             

  Tumor size at diagnosis                                                                                                5.88 × 10^− 10^

  T1: ≤ 2-cm                                                  39                        21.4%                            

  T2: \> 2-cm to ≤ 5-cm                                       95                        52.2%                            

  T3: \> 5-cm                                                 29                        16.0%                            

  T4: Inflammatory BC; chest wall infiltration                19                        10.4%                            

  Tumor grade                                                                                                            0.169

  I                                                           30                        16.5%                            

  II                                                          45                        24.7%                            

  III                                                         96                        52.8%                            

  *Not determined*                                            *11*                      *6.0%*                           

  Tumor histology                                                                                                        0.813

  Ductal                                                      159                       87.4%                            

  Lobular                                                     12                        6.6%                             

  Ductal + lobular                                            10                        5.5%                             

  Mucinous                                                    1                         0.5%                             

  Lymph node status at diagnosis                                                                                         1.66 × 10^− 7^

  Negative                                                    79                        43.4%                            

  Positive                                                    103                       56.6%                            

  Molecular subtype                                                                                                      0.0159

  Luminal A                                                   91                        50.0%                            

  Luminal B                                                   20                        11.0%                            

  HER2-type                                                   18                        9.9%                             

  Triple negative                                             53                        29.1%                            

                                                                                                                         

  B. Receptor status                                                                                                     

  Variables                                                   Level                     Frequency             \%         p-Value[1](#tf0005){ref-type="table-fn"}

  Estrogen receptor (ER) status                                                                                          0.007

  Negative                                                    77                        42.3%                            

  Positive                                                    105                       57.7%                            

  Progesterone receptor (PR) status                                                                                      0.0237

  Negative                                                    88                        48.4%                            

  Positive                                                    94                        51.6%                            

  HER2 status                                                                                                            0.644

  Negative                                                    144                       79.1%                            

  Positive                                                    38                        20.9%                            

                                                                                                                         

  C. Treatment information                                                                                               

  Variables                                                   Level                     Frequency             \%         p-Value[1](#tf0005){ref-type="table-fn"}

  Neoadjuvant treatment                                                                                                  

  Chemotherapy                                                Received                  153                   84.1%      0.245

  Did not receive                                             29                        15.9%                            

  Hormone therapy                                             Received                  26                    14.3%      0.768

  Did not receive                                             156                       85.7%                            

  Antibody therapy                                            Received                  32                    17.6%      0.652

  Did not receive                                             150                       82.4%                            

  Pathological response after NAT                                                                                        0.0179

  Complete response (pCR)                                     No residual tumor         33                    18.1%      

  Incomplete response (pIR)                                   Partial response          117                   64.3%      

  No response                                                 15                        8.2%                             

  *Unknown*                                                   *17*                      *9.4%*                           

  Adjuvant treatment                                                                                                     

  Chemotherapy                                                Received                  34                    18.7%      5.64 × 10^− 6^

  Did not receive                                             148                       81.3%                            

  Hormone therapy                                             Received                  94                    51.6%      0.00692

  Did not receive                                             88                        48.4%                            

  Antibody therapy                                            Received                  32                    17.6%      0.670

  Did not receive                                             150                       82.4%                            

  Radiation therapy (XRT)                                     Received                  134                   73.6%      0.620

  Did not receive                                             48                        26.4%                            

                                                                                                                         

  D. RAS pathway biomarkers                                                                                              

  Variables                                                   Level                     Median or\            IQR or %   p-Value[1](#tf0005){ref-type="table-fn"}
                                                                                        frequency                        

  SIAH                                                                                                                   

  pre-NAT (needle biopsy)                                     Median expression, %      40.0 (1.0--97.0)      55.0       

  Low ≤ 30%                                                   83                        45.6%                 0.0463     

  High \> 30%                                                 95                        52.2%                            

  *Not available*                                             *4*                       *2.2%*                           

  post-NAT (s/p resection)                                    Median expression, %      3.0 (0.0--92.0)       20.0       

  Low ≤ 30%                                                   150                       82.4%                 0.00188    

  High \> 30%                                                 30                        16.5%                            

  *Not available*                                             *2*                       *1.1%*                           

  NAT-induced change                                          High \> 30% ➔ Low ≤ 30%   67                    36.8%      0.00144

  High \> 30% ➔ High \> 30%                                   27                        14.8%                            

  Low ≤ 30% ➔ Low ≤ 30%                                       81                        44.5%                            

  *Not available*                                             *7*                       *3.9%*                           

  EGFR                                                                                                                   

  pre-NAT (needle biopsy)                                     Median expression, %      0 (0-3 +)             1 +        

  Low ≤ + 1                                                   131                       72.0%                 0.00107    

  High \> + 1                                                 48                        26.4%                            

  *Not available*                                             *3*                       *1.6%*                           

  post-NAT (s/p resection)                                    Median expression, %      0 (0-3 +)             1 +        

  Low ≤ + 1                                                   158                       86.8%                 0.00513    

  High \> + 1                                                 23                        12.6%                            

  *Not available*                                             *1*                       *0.6%*                           

  NAT-induced change                                          High \> + 1 ➔ Low ≤ + 1   28                    15.4%      0.00146

  High \> + 1 ➔ High \> + 1                                   19                        10.4%                            

  Low ≤ + 1 ➔ Low ≤ + 1                                       127                       69.8%                            

  *Not available*                                             *8*                       *4.4%*                           

  phospho-ERK                                                                                                            

  pre-NAT                                                     Median expression, %      10.0 (0.0--95.0)      27.5       

  Low \< 1                                                    39                        21.4%                 0.429      

  High ≥ 1                                                    138                       75.8%                            

  *Not available*                                             *5*                       *2.8%*                           

  post-NAT                                                    Median expression, %      0.0 (0.0--95.0)       0.0        

  Low \< 1                                                    150                       82.4%                 0.141      

  High ≥ 1                                                    29                        15.9%                            

  *Not available*                                             *3*                       *1.7%*                           

  NAT-induced change                                          High ≥ 1 ➔ Low \< 1       113                   62.1%      0.336

  High ≥ 1 ➔ High                                             24                        13.2%                            

  Low \< 1 ➔ Low \< 1                                         35                        19.2%                            

  *Not available*                                             *10*                      *5.5%*                           

  Ki67                                                                                                                   

  pre-NAT                                                     Median expression, %      11.3 (0.0--92.5)      21.9       

  Low ≤ 10%                                                   89                        48.9%                 0.764      

  High \> 10%                                                 89                        48.9%                            

  *Not available*                                             *4*                       *2.2%*                           

  post-NAT                                                    Median expression, %      1.0 (0.0--94.5)       5.5        

  Low ≤ 10%                                                   151                       83.0%                 0.390      

  High \> 10%                                                 30                        16.5%                            

  *Not available*                                             *1*                       *0.5%*                           

  NAT-induced change                                          High \> 10% ➔ Low ≤ 10%   63                    34.6%      0.601

  High \> 10% ➔ High \> 10%                                   25                        13.7%                            

  Low ≤ 10% ➔ Low ≤ 10%                                       86                        47.3%                            

  *Not available*                                             *8*                       *4.4%*                           

                                                                                                                         

  E. Clinical outcomes of overall survival and vital status                                                              

  Variables                                                   Level                     Median or frequency   IQR or %   

  Length of disease (days since diagnosis)                                              1610                  622        

  (230-2438)                                                                                                             

  Vital status at last follow-up                                                                                         

  Alive                                                                                 149                   81.9%      

  *without* distant metastasis                                134                       73.6%                            

  *with* distant metastasis                                   15                        8.3%                             

  Dead                                                                                  33                    18.1%      

  *without* distant metastasis                                3                         1.6%                             

  *with* distant metastasis                                   30                        16.5%                            
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------

Log-rank test for categorical variables and Cox proportional hazards model (or Wilcoxen two-sample t-test) for continuous variable.

###### 

Spearman\'s correlation coefficients between clinical variables, ER, PR, HER2 and RAS pathway biomarkers.

Table 2

  Clinical variables or Biomarkers   Stage   Tumor Size   Tumor grade   Lymph node status   Molecular subtype   ER       PR       HER2    *pre-*NAT   *post-*NAT   Relative change                     
  ---------------------------------- ------- ------------ ------------- ------------------- ------------------- -------- -------- ------- ----------- ------------ ----------------- ------ ------ --- --
  Stage                              1                                                                                                                                                                 
  Tumor size                         0.66    1                                                                                                                                                         
  Tumor grade                                             1                                                                                                                                            
  Lymph node status                  0.53    0.38                       1                                                                                                                              
  Molecular subtype                                       0.50                              1                                                                                                          
  ER                                                                                        0.91                1                                                                                      
  PR                                                      -0.48                             0.79                0.75     1                                                                             
  HER2                                                                                                                            1                                                                    
  *pre-*NAT                          SIAH                               0.48                                    0.45     − 0.47   -0.41               1                                                
  EGFR                                                    0.31                              0.32                − 0.37   -0.34            0.35        1                                                
  *post-*NAT                         SIAH                               0.49                                    0.47     − 0.53   -0.43               0.80         0.71              1                 
  EGFR                                                    0.47                              0.50                − 0.57   -0.47            0.51        0.37         0.53              1                 
  Relative change                    SIAH                               0.32                                    0.30     − 0.36   -0.31               0.35         0.55              0.52   0.57   1   
  EGFR                                                    0.43                              0.36                − 0.44   -0.36            0.48        0.42                           0.79   0.54   1   

Note: Only correlations that are statistically significant (p ≤ 0.05), with coefficients greater than \| 0.30 \| are shown.

###### 

Cox proportional hazards regression models with clinical variables and RAS pathway biomarkers

Table 3

  Predictors                                     Level       Hazard ratio   95% Confidence interval   p-Value    
  ---------------------------------------------- ----------- -------------- ------------------------- ---------- -------------------------------------------------
  A. *Pre*-neoadjuvant therapy                                                                                   
  Age                                            --          1.0409         1.0079                    1.0749     0.01459[\*](#tf1900){ref-type="table-fn"}
  Molecular subtype                              Luminal A   0.2437         0.09739                   0.6097     0.002549[\*\*](#tf1905){ref-type="table-fn"}
  Luminal B                                                                                                      
  HER-2 type                                                                                                     
  TNBC                                                                                                           
  Histology                                      Ductal      2.1953         1.0874                    4.4318     0.02825[\*](#tf1900){ref-type="table-fn"}
  Lobular                                                                                                        
  Mixed                                                                                                          
  Tumor size                                     T1          2.1612         1.3838                    3.3754     0.0007050[\*\*\*](#tf1910){ref-type="table-fn"}
  T2                                                                                                             
  T3                                                                                                             
  T4                                                                                                             
  ER                                             Negative    15.0042        1.4257                    157.9058   0.02411[\*](#tf1900){ref-type="table-fn"}
  Positive                                                                                                       
  *pre*-Ki67                                     Low ≤ 10%   0.3518         0.1497                    0.8267     0.01655[\*](#tf1900){ref-type="table-fn"}
  High \> 10%                                                                                                    
  *pre*-SIAH                                     Low ≤ 30%   1.2926         0.5117                    3.2652     0.5872
  High \> 30%                                                                                                    
  *pre*-EGFR                                     Low ≤ + 1   2.1204         0.8789                    5.1150     0.09435
  High \> + 1                                                                                                    
                                                                                                                 
  B. *Post*-neoadjuvant therapy                                                                                  
  Age                                            --          1.0283         0.9951                    1.0636     0.09590
  Molecular subtype                              Luminal A   0.3467         0.1412                    0.8513     0.0208[\*](#tf1900){ref-type="table-fn"}
  Luminal B                                                                                                      
  HER-2 type                                                                                                     
  TNBC                                                                                                           
  Histology                                      Ductal      2.6777         1.2805                    5.5994     0.008876[\*\*](#tf1905){ref-type="table-fn"}
  Lobular                                                                                                        
  Mixed                                                                                                          
  Tumor size                                     T1          2.07757        1.3575                    3.1795     0.000758[\*\*\*](#tf1910){ref-type="table-fn"}
  T2                                                                                                             
  T3                                                                                                             
  T4                                                                                                             
  ER                                             Negative    7.8666         0.7989                    77.4615    0.07714
  Positive                                                                                                       
  *post*-Ki67                                    Low ≤ 10%   0.2680         0.07119                   1.0087     0.05152
  High \> 10%                                                                                                    
  *post*-SIAH                                    Low ≤ 30%   4.4579         1.3383                    14.8494    0.01491[\*](#tf1900){ref-type="table-fn"}
  High \> 30%                                                                                                    
  *post*-EGFR                                    Low ≤ + 1   2.4207         0.8759                    6.6906     0.088304
  High \> + 1                                                                                                    
                                                                                                                 
  C. Relative change after neoadjuvant therapy                                                                   
  Age                                            --          1.0532         1.0176                    1.0901     0.00316[\*\*](#tf1905){ref-type="table-fn"}
  Molecular subtype                              Luminal A   0.2199         0.08659                   0.5586     0.00145[\*\*](#tf1905){ref-type="table-fn"}
  Luminal B                                                                                                      
  HER-2 type                                                                                                     
  TNBC                                                                                                           
  Histology                                      Ductal      2.3088         1.1511                    4.6308     0.01846[\*](#tf1900){ref-type="table-fn"}
  Lobular                                                                                                        
  Mixed                                                                                                          
  Tumor size                                     T1          1.8953         1.2286                    2.9239     0.00384[\*\*](#tf1905){ref-type="table-fn"}
  T2                                                                                                             
  T3                                                                                                             
  T4                                                                                                             
  ER                                             Negative    24.2180        2.1442                    273.5388   0.00998[\*\*](#tf1905){ref-type="table-fn"}
  Positive                                                                                                       
  ΔKi67                                          Low ➔ Low   0.4504         0.2086                    0.9728     0.04234[\*](#tf1900){ref-type="table-fn"}
  High ➔ Low                                                                                                     
  High ➔ High                                                                                                    
  ΔSIAH                                          Low ➔ Low   1.8881         0.8338                    4.2757     0.1275
  High ➔ Low                                                                                                     
  High ➔ High                                                                                                    
  ΔEGFR                                          Low ➔ Low   2.5837         1.3507                    4.9426     0.00413[\*\*](#tf1905){ref-type="table-fn"}
  High ➔ Low                                                                                                     
  High ➔ High                                                                                                    

P \< 0.05

P \< 0.01

P \< 0.001

[^1]: These three authors share co-1st authorship with equal contribution.
